The effect of warm air-drying on the dentin bond strengths of the single-step self-etch adhesives was determined. The adhesives were applied to bovine dentin followed by drying in a stream of warm air for 5, 10, and 15 s at 37°C. Resin composites were condensed into a mold and polymerized. Specimens were stored in distilled water at 37°C for 24 h, then shear tested. The surface free-energies were determined by measuring the contact angles of three test liquids placed on the cured adhesives. The dentin bond strengths varied according to the air-drying time. The value of the acid component increased slightly when drying was performed with a stream of warm air, whereas that of the base component decreased signifi cantly. These data suggested that warm air-drying was essential to obtain adequate bond strengths, although increasing the drying time did not signifi cantly infl uence the bond strength.
INTRODUCTION
Recently introduced dental adhesive systems offer simplifi ed application methods and clearer manufacturer's instructions aimed at achieving optimum clinical results. Single-step self-etch adhesives combine all three bonding steps into a single application to the tooth surface prior to resin composite placement 1, 2) . This not only ensures maximum adhesion by improving monomer penetration into the hydrophilic dentin substrate, but also improves the wettability of the tooth surface by the resin components. However, relatively low bond strengths have been reported for single-step adhesives compared with two-and three-step adhesives 3) . The etching effect of a self-etch adhesive is related to the acidic functional monomers that interact with the mineral component of the tooth substrate, creating a continuum via simultaneous demineralization and resin penetration 4) . Single-step self-etch adhesives must contain both water and water-soluble hydrophilic monomers, such as 2-hydroxyethyl methacrylate (HEMA), in order for the acidic monomer to dissociate and penetrate into the hydrophilic dentin 5) . Protons in solution derived from the acidic monomer interact with the mineral component of the tooth substrate 6) . Water is an essential component of adhesives, which allows them to generate the hydrogen ions required for effective dissolution and demineralization. Adhesives are usually dried on the tooth surface because any remaining liquids can act as polymerization inhibitors 7) . Adequate bonding depends not only on the successful penetration of the adhesive into dentin, but also on the mechanical properties of the cured adhesive 8) . Hypothetically, stronger resins might lead to stronger bonding to dentin 9) . The strength of a cured adhesive resin is dependent on the composition, degree of conversion, and polymer chain length.
Ideally, water and solvents should be completely eliminated from the moist demineralized dentin prior to polymerization. However, complete evaporation is diffi cult to achieve and is dependent on the properties of the solvent 10) . HEMA is a well-known co-monomer that prevents phase separation of the adhesive and acts as a wetting agent for the resin monomer within collagen fi brils 11) . However, HEMA retains water in hydrogels, which is diffi cult to remove by air-drying. A clinical approach to obtain stable dentin bonding is the use of a warm air stream to evaporate solvents from etch-and-rinse adhesive systems. Relatively higher bond strengths were obtained with warm air-drying of the adhesives 12, 13) , but the optimum time required to achieve stable bonding was not established.
The strength of the bond between the dentin and the resin composite depends on several factors, among which are the characteristics of the adherend surface and the ability of the adhesives to wet it 14) . The wetting of the adherend surface by adhesives might be indicated by the contact angle 15) . Measurements of the contact angles on the adherent surfaces provide information about the surface free energies that relate to the bonding characteristics of the solids 16) . The acid-base properties (in the Lewis sense) of polymers make a dominant contribution to interfacial interactions with liquids that can potentially form hydrogen bonds. Fowkes was the fi rst to use the acid-base concept in applications based on surface chemistry 17) . According to his theory, the acid-base properties of solids can be quantitatively characterized by many techniques, including the contactangle approach.
The current study evaluated the duration of warm air-drying needed to obtain optimum dentin bonding of self-etch adhesives. The infl uence of warm air-drying on the surface free-energy of single-step self-etching adhesives was also examined. The null hypothesis was that the dentin bond strength of single-step self-etch adhesives was not affected by the duration of warm airdrying.
MATERIALS AND METHODS

Materials tested
The following combinations of single-application selfetch adhesive systems and resin composites were tested (Table 1) : Adper Easy Bond/Filtek Supreme DL (AE; 3M ESPE, St. Paul, MN, USA); Clearfi l tri-S Bond/Clearfi l AP-X (CT; Kuraray Medical Inc., Tokyo, Japan); and G-Bond Plus/Solare (GB; GC Corp., Tokyo, Japan). All adhesive systems were used in combination with the manufacturer's restorative resins.
The power density (800 mW/cm 2 ) of the Optilux 501 visible-light activating unit (sds Kerr, Danbury, CT, USA) light output was checked with a dental radiometer (Model 100; Demetron, Danbury, CT, USA) before making the specimens.
Dentin bond strength
Mandibular incisors extracted from cattle aged 2-3 years were frozen for up to 2 weeks and used as a substitute for human teeth 18) . After removing the roots with a low-speed saw (Isomet; Buehler Ltd., Lake Bluff, IL, USA), the pulp was removed and the pulp chamber of each tooth was fi lled with cotton to avoid penetration of the embedding media. The labial surfaces of the bovine incisors were ground on wet 240-grit silicon carbide (SiC) paper to produce a fl at dentin surface. Each tooth was then mounted in cold-cure acrylic resin (Tray Resin II; Shofu Inc., Kyoto, Japan) to expose the fl attened area, and placed in tap water to reduce the temperature rise from the exothermic polymerization reaction. The fi nal fi nish was accomplished by grinding on wet 600-grit SiC paper. After ultrasonic cleaning with distilled water for 1 min to remove excess debris, the surfaces were washed and dried with oil-free compressed air.
A piece of double-sided adhesive tape, with a 4-mmdiameter hole, was fi rmly attached so as to defi ne the adhesive area of the dentin for bonding. Each adhesive was applied on the dentin surface according to the manufacturer's instructions (Table 1) . Each treated dentin surface was dried with oil-free compressed air at 23°C (normal air) for 5 s as a control, or at 37°C (warm air) for 5, 10, and 15 s. Air-pressure and temperature of the compressed air was controlled with a temperaturecontrolled air-blowing device (Laluna X, Osada Electric Co., Tokyo, Japan). Air was administrated from a point 5 cm above the surface with the pressure of 0.45 MPa, and light irradiation was performed by a curing unit. A Tefl on mold (2.0×4.0 mm) was used to form and hold the restorative resin on the dentin surface. The resin composite was condensed into the mold and cured for 40 s. Finished specimens were transferred to distilled water and stored at 37°C for 24 h. Ten specimens per group were tested in a shear mode using a shear knife-edge testing apparatus in an Instron testing machine (Type 4204; Instron Corp., Canton, MA, USA) at a crosshead speed of 1.0 mm/min. The shear bond strength values in MPa were calculated from the peak load at failure divided by the specimen surface area. After testing, the specimens were examined by optical microscopy (SZH-131; Olympus Ltd., Tokyo, Japan) at a magnifi cation of ×10 to defi ne the location of the bond failure. The type of failure was determined as follows: adhesive failure; mixed failure (cohesive failure in composite and adhesive resin with partial adhesive failure); cohesive failure in dentin; and cohesive failure in composite.
Surface free-energy
The contact angle was measured using dentin surfaces that had been treated as bond strength specimens. The surfaces were dried with oil-free compressed air at 23°C (normal air) for 5 s or 37°C (warm air) for 10 s. As before, air was administrated from a point 5 cm above the surface, and light irradiation was performed for 10 s. The specimens were then used for contact-angle measurement in the presence or absence of the oxygeninhibited layer. To produce specimens without an oxygen-inhibited layer, the top surface of the adhesive was removed with an ethanol-impregnated cotton pad.
The surface free-energies were determined by measuring the contact angle on the surface for three test liquids, distilled water, 1-bromonaphthalen, and ethylene glycol, each of which has known surface freeenergy parameters. The Drop Master DM500 apparatus (Kyowa Interface Science, Saitama, Japan) was fi tted with a charge-coupled device (CCD) camera, which allowed automatic measurements of the contact angles to be taken 19) . For each test liquid, the equilibrium contact angle (Ө) was measured using the sessile-drop method at 23±1°C for fi ve specimens of each adhesive. The surface freeenergy parameters of the solids were then determined based on the fundamental concepts of wetting 20) . The Young-Dupré equation describes the work of adhesion (W) for a solid (S) and a liquid (L) that are in contact as follows:
Here, γ SL is the interfacial free-energy between the solid and the liquid, γ L is the surface free-energy of the liquid, and γ S is the surface free-energy of the solid.
By extending the Fowkes equation, the γ SL is expressed as follows:
Here, γ is the surface free-energy, LW is the Lifshitz-Van der Waals force (or dispersion) component of γ, + is the Lewis acid (or electron acceptor) component, and -is the Lewis base (or electron donor) component. After the γ S LW , γ L + , and γ S -had been determined, the polar component of the surface free-energy (γ S AB ) was calculated as follows:
The Ө values were determined for all three test liquids. The surface-energy parameters of the adhesive surfaces were calculated based on the equations using add-on software and the interface measurement and analysis system (FAMAS; Kyowa Interface Science).
Statistical analysis
Results were analyzed by calculating the mean and standard deviation for each group. One-way analysis of variance (ANOVA) followed by Tukey's honestly signifi cant difference (HSD) test were used to compare the air-drying time of adhesives, and the Student's t-test was used to compare the different air-temperature groups at an α level of 0.05. All statistical analyses were carried out using the Sigma Stat software system version 3.1 (SPSS Inc., Chicago, IL, USA).
Scanning electron microscopy (SEM)
Ultrastructural observation of the treated dentin surface and the restorative-dentin interface was carried out by SEM. Bonded specimens were stored in distilled water at 37°C for 24 h, then embedded in self-curing epoxy resin (Epon 812; Nisshin EM, Tokyo, Japan) and stored at 37°C for a further 12 h. Embedded specimens were sectioned to the diameter of the composite resin post, and the surfaces of the cut halves were polished with an Ecomet 4/Automet 2 (Buehler Ltd.) using SiC papers with a grit size of 600, 1,200, and 4,000, successively. The surface was fi nally polished on a soft cloth using diamond paste (Buehler Ltd.) with a grit size of 1.0 μm. All SEM specimens were dehydrated in ascending concentrations of tert-butanol (50 % for 20 min, 75 % for 20 min, 95 % for 20 min, and 100 % for 2 h), then transferred to a criticalpoint dryer for 30 min. These surfaces were then subjected to Argon ion-beam etching (Type EIS-200ER; Elionix Ltd., Tokyo, Japan) for 30 s, with the ion beam (accelerating voltage=1.0 kV; ion current density=0.4 mA/cm 2 ) directed perpendicular to the polished surface. The surfaces were coated in a vacuum evaporator (Quick Coater Type SC-701; Sanyu Denshi Inc., Tokyo, Japan), with a thin fi lm of Au and observed by SEM (ERA 8800FE; Elionix Ltd.).
RESULTS
The results of the shear bond strength tests are shown in Table 2 . The strengths ranged from 17.0±1.7 to 19.5±1.5 MPa for AE, 16.2±2.5 to 19.3±1.4 MPa for CT, and 15.8±1.6 to 16.3±1.5 MPa for GB. Maximum strengths were achieved with air-drying times of 5 s for AE (p=0.005) and 10 s for CT (p=0.011). Differences in air-drying time had no signifi cant effect on the dentin bond strength for GB (p=0.923). Adhesive failure was the predominant failure mode for all specimens; however, there was no clear correlation between drying time and failure mode among the systems studied.
The surface free-energies and their components for the cured adhesives are shown in Table 3 . The total surface free-energy (γ S = γ S LW + γ S AB ) values were signifi cantly higher when a stream of warm air was passed over the dentin surface to which AE and CT adhesive had been applied. For all surfaces, the estimated γ S LW values remained relatively constant in the range of 36.5 to 38.7 mJ· m -2 . The γ S + component values slightly increased when the AE and CT adhesives were dried with warm air, whereas the γ S -component values signifi cantly decreased for all of the adhesives. The values of the acid-base interaction (γ AB ) component increased from 0.0 to 3.1-4.0 mJ· m -2 when the AE and CT adhesives were dried with warm air.
SEM observations of the resin-dentin interface are shown in Fig. 1 . The dentin-resin interface of both groups showed excellent adaptation, with the formation of a transitional layer between the adhesive resin and the tooth structure.
DISCUSSION
Solvents in single-step self-etch adhesives act as transporter media and modifi ers of liquid viscosity to allow resin monomer infi ltration into the acid-attacked porous dentin surfaces 21) . However, an excessive solvent concentration in an adhesive can inhibit selfpolymerization . One of the methods currently used to evaporate solvents from adhesives is air-drying prior to light irradiation [22] [23] [24] . The complete evaporation of solvents inside an adhesive is diffi cult to achieve; however, warm air-drying appears to be particularly successful in achieving optimum bond strength, as heating increases the kinetic energy of the molecules in the solvents 12, 13) . The data in the present study suggested that a temperature increase during air-drying led to signifi cant increases in bond strength for both AE and CT. This supported the hypothesis that warm air-drying facilitates and expedites solvent evaporation, leading to benefi ts in optimizing bond strength. The behavior of the singlestep self-etch adhesives investigated in the present study varied when the duration of warm air-drying was altered. For the AE and CT adhesives, warm air-drying of the dentin surface signifi cantly improved the bond strengths, but this was not the case for the GB adhesive. This fi nding could be attributed to differences in the composition of the adhesives 25) . The vapor pressure and boiling temperature of ethanol are respectively lower and higher than those of acetone; thus, the heat from warm Values in parenthesis indicate standard deviations, N=5. γ S , surface free-energy; γ S LW , Lifshitz-Van der Waals force; γ S AB , Lewis acid-base interaction; γ S + , Lewis acid; γ S -, Lewis base. Fig. 1 Representative SEM photomicrographs of the CT resin-dentin interface (original magnifi cation ×2,500). The dentinresin interface of both groups showed excellent adaptation, with the formation of a transitional layer between the adhesive resin and the tooth structure.
air-drying might have improved the evaporation rate of ethanol from AE and CT, while having a less pronounced effect on the acetone present in GB 26) . In addition, the relationship between the solvent concentration in the adhesive and the degree of cure is not direct 27) . Thus, depending on the solvent, the degree of cure is not optimal at the lowest concentration in the adhesive resin mixture, indicating that some residual solvent is required for improved conversion. This is particularly true for ethanol-containing adhesives, explaining why excessive warm air-drying resulted in reduced bond strength (10 s for AE and 15 s for CT). This fact might indicate that the solvent was then evaporated beyond the ideal, residual concentration that could optimize the cure.
Current single-step self-etch adhesives contain HEMA, which is a well-known co-monomer that prevents phase separation, and acts as a wetting agent and diffusion promoter for resin and exposed collagen 28) . One drawback is that HEMA strongly retains water in hydrogels, which is diffi cult to remove by air-drying. To overcome this, HEMA-free all-in-one self-etch adhesives, such as GB, were introduced. Although these adhesives show phase separation from other components upon volatilization of the solvent 25) , heat applied by warm airdrying might eliminate the water inside them, which could explain why changes in bond strength were not observed regardless of the duration of air-drying.
There has been a focus on the interactions between phases across interfaces, and on the types of force acting between molecules, and it has been assumed that different types of force that act independently of each other are needed. Based on the theory of interfacial interactions, acid-base (hydrophilic) interactions are one of the components comprising surface energy, with the other being non-polar (hydrophobic) interactions 30) . The surface tension component γ S LW can be obtained by solving the complete Young equation, and is due to three distinct interactions: randomly oriented permanent dipole-permanent dipole (orientation) interactions; randomly oriented permanent dipole-induced dipole (induction) interactions; and fl uctuating dipole-induced dipole (dispersion) interactions 31) . The γ S LW constitutes the most signifi cant term for condensed phases. The wettability variation of different self-etch adhesives is infl uenced by Lewis acid-base interactions in which the acid component (γ + ) at the interface interacts with the base component (γ -). These interactions, some of which are numerically small, might be the determining factor in the wettability of cured adhesives (Table 3) .
For the AE and CT adhesives, specimens that underwent warm air-drying for 5-10 s demonstrated signifi cantly higher bond strengths and higher γ S values than those that underwent air-drying at a normal temperature. In aqueous media, the polar or γ S AB interfacial terms mainly comprise the interactions between hydrogen donors and hydrogen acceptors or, more widely, those between all electron acceptors (γ + ) and electron donors (γ -) 32) . Thinning of the oxygen-inhibited layer by warm air-drying resulted in signifi cant increases of the γ S AB values, leading to signifi cantly higher γ S values. When the adhesives were exposed to warm air-drying, the corresponding increase of the degree of conversion decreased the thickness of the oxygen-inhibited layer of the cured adhesive, as expected. However, defects were observed in some specimens at the interface between the adhesive and the resin composite. The low bond strengths observed in specimens that underwent warm air-drying for longer suggests that this negatively infl uenced bond strength. When the oxygen-inhibited layer was too thin, a shortage of unreacted monomers could have prevented both sides connecting chemically due to an absence of the Lewis base component (γ -) as an electron donor. The results of the current study suggest that warm air-drying is a useful method to improve the bonding performance of single-step self-etch adhesives. These effects might be dependent on the type of solvent and utilization of a co-monomer such as HEMA, so careful management of air-drying techniques during clinical procedures is essential. In the systems studied, an air-drying time of 5-10 s appeared to be appropriate. Prolonged warm air-drying appeared to be detrimental to some adhesives. For the bonding of resin composites to cured adhesives, an adequate thickness of the oxygeninhibited layer appeared to be necessary in terms of the Lewis acid-base interaction.
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